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a  b s  t r a  c t
We  report the fabrication of ZnO/Cu2O heterojunction solar cells  by means of the elec-
trodeposition technique. The effect of electrolyte medium for the  ZnO deposition, annealing
treatment and interface modification with graphene oxide (GO) layer on the photoelectrical
properties was analyzed. The electrochemical results indicated a  markedly dependent Cu2O
film  electrodeposition on the GO-modified ZnO films. The modification of ZnO/Cu2O  inter-
face  with GO  nanosheets and annealing treatment results in improved interface properties,
varying morphology and defects in ZnO lattice that further lead  to enhanced performance of
the  proposed heterojunction solar cells. While the obtained results indicate that the proper-
ties of GO coating need to be tailored for improved performance, a synergetic effect of the GO
addition and annealing treatment on the  photoelectric properties of the  electrodeposited
heterojunction is achieved.
© 2019 SECV. Published by Elsevier España, S.L.U. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Rendimiento  de las  celdas  solares  de heterounión  ZnO/Cu2O  modificadas






r e  s u  m e  n
Se presenta la fabricación de celdas solares de heterounión de ZnO/Cu2O  obtenidas
mediante la técnica de electrodeposición. Se analizó el efecto del electrolito utilizado para
la deposición de ZnO, el tratamiento térmico aplicado y la modificación de la interfaz con
una  capa de óxido de  grafeno (GO) sobre las propiedades fotoeléctricas. Los resultados elec-
troquímicos indicaron que existe una marcada dependencia de  electrodeposición de capa
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de  Cu2O  sobre las películas de ZnO modificadas con GO. La modificación de  la interfaz
ZnO/Cu2O con nanohojas de GO y  el tratamiento térmico dan como resultado mejoras en las
propiedades de la interfaz, una  morfología variable y defectos en la red de  ZnO que conducen
a  un mejor rendimiento de las celdas solares de heterounión propuestas. Si bien los resul-
tados  obtenidos indican que las propiedades del recubrimiento de  GO deben adaptarse para
mejorar el  rendimiento, se logra un efecto sinérgico del tratamiento de adición y  térmico de
GO  aplicados sobre las propiedades fotoeléctricas de  la heterounión electrodepositada.
© 2019 SECV. Publicado por Elsevier España, S.L.U. Este es un artı́culo Open Access bajo
la licencia CC BY-NC-ND (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Introduction
The need for  using alternative energy sources to  substitute
fossil fuel worldwide has led to the investment in research
and development of new materials and methods [1]. The pho-
tovoltaic solar cells (PVs) convert solar energy into electricity
and represent the most important solar active technology
[2]. In order to improve the efficiency of solar cells, various
techniques considering different aspects have been employed.
Given its high efficiency to convert solar energy into elec-
tricity [3], most PVs are based on silicon; however, they also
imply a high cost [4].  Other technologies include organic, dye-
sensitized and thin film PVs. Amongst these technologies, thin
film ZnO/Cu2O heterojunction PVs have lately attracted much
interest [5] as  a  candidate for the next generation thin film PVs
thanks to its non-toxicity, abundance, absorption coefficient
higher than single crystalline Si  and a theoretical conversion
efficiency around 18% [6,7].
ZnO/Cu2O heterojunction PVs can be fabricated by various
methods such as, thermal oxidation, chemical vapor deposi-
tion, plasma evaporation, magnetron sputtering, pulsed laser
deposition and electrochemical deposition (ECD) [8,9].  ECD
involves the electrodeposition of ZnO layer onto a  transparent
conducting oxide (TCO) glass, followed by the electrodeposi-
tion of the Cu2O  layer resulting in  a  basic structure as TCO
glass/ZnOECD/Cu2OECD/contact electrode [5].
In PVs prepared by ECD, the ZnO layer can be used as
the TCO window layer [2] since ZnO is an  intrinsic n-type
semiconductor with a  wide band gap of 3.3 eV [2,10]. Films
of ZnO can be prepared by chemical vapor deposition, atomic
layer deposition, radio frequency magnetron sputtering and
also by ECD techniques [11]. ECD is  a  preferred technique for
thin film deposition as it  allows the deposition of homoge-
neous films with specific crystal structure. On the other hand,
cuprous oxide (Cu2O) is  a  native p-type semiconductor char-
acterized by a band gap of 2 eV [12] and can be employed as
an absorber layer [3] thanks to its high absorption coefficient
[5]. Cu2O has been considered as material for photovoltaic
applications also thanks to its non-toxicity, abundance
[12,13], and low-cost manufacturing process [4].  Amongst the
fabrication techniques sputtering deposition, thermal oxi-
dation of a  metallic Cu sheet and ECD have been widely
employed [4,5,10].
So far, ZnO/Cu2O heterojunction PVs have never reached
high efficiencies in practice [7].  Actually, ZnO/Cu2O hetero-
junction PVs have only reached a power conversion efficiency
(PCE) of 1.43% fabricated by ECD [14]. This lower PCE is related
with  the quality of structures of ZnO and Cu2O layers, and is
mainly due to defects and existing high state density in the
ZnO/Cu2O interface that may  produce recombination process
[15–17].
In order to  improve the performance of ZnO/Cu2O hetero-
junction PVs, the interaction between ZnO and Cu2O  has a
paramount importance. This interaction is governed by the
properties of the  films derived from the deposition methods.
Jeong et al. showed an important effect of the ECD conditions
(pH and temperature) on the  performance of ZnO/Cu2O het-
erojunction PVs. On the other hand, Atwater et  al. showed
that interface stoichiometry is  a  “must” for such PVs [18,19].
Finally, Fujimoto et al. demonstrated that the  performance of
ZnO/Cu2O heterojunction PVs is highly related to the  type of
hydroxide (LiOH, KOH, and NaOH) employed at the prepara-
tion of electrolyte for the Cu2O deposition [14].  They found
that the  PCE improved by using LiOH with respect to NaOH
and KOH, reaching the values of 1.43, 0.698 and 0.591%, respec-
tively. These results are attributed to the  presence of ∼100 nm
Cu2O  nanocrystals with the highest specific orientation plane
(111) when using LiOH. Other works showed different crystal
orientation for Cu2O, such as  (200), (110), and (111) by vary-
ing the bath pH  from 8.69, 9.10, to  10.34, respectively. In this
context, the orientation plane (111) was found the best Cu2O
crystal orientation for improving the PCE in ZnO/Cu2O hetero-
junction PVs since its produces less defects and improves light
collection efficiency [20].  Other approach applied for improv-
ing the performance of those PVs considered the addition of
a  graphene layer at the  ZnO/Cu2O interface, so as  to act as
an electron mediator in order to reduce the recombination of
photogenerated charges [15] or the use of graphene oxide in  a
reduced form by thermal process [21].
Given the unique properties of graphene including near
transparency, almost no band gap and light absorption across
a broad spectrum, graphene has attracted great attention for
its use in PVs [22].  Graphene’s oxidized form, graphene oxide
(GO) represents a  cheaper alternative to graphene which is
more  easy to handle in solution-process, as it is decorated with
oxygen functional groups which confer it with hydrophilicity
and great potential for composite applications [23].  Li et  al.
showed that the incorporation of GO could suppress leakage
current and reduce recombination via efficient hole transport-
ing and electron blocking; thus resulting in improvement of
power conversion efficiency of planar heterojunction PVs [24].
However, while the oxygen groups confer GO with hydrophilic-
ity, they result in low conductivity which indicates that at least
a  partial removal of the oxygen groups is advised in order
to achieve better conductivity. The reduced graphene oxide
b o  l e  t í  n d e  l a s  o c i  e d a d  e s  p a ñ o l a d  e c  e r  á m i c a y v i d r  i  o 5 8 (2 0 1 9) 263–273 265
(rGO) can be obtained by chemical, thermal or hydrothermal
reduction technique.
In this work, we report on the influence of GO incorporation
and annealing treatment on the properties of the ZnO/Cu2O
interface obtained by the ECD technique in  order to improve
the performance of the corresponding heterojunction solar
cell. To the best of our knowledge, this study represents the
first one on the combined effect of GO incorporation and
the electrochemical growth conditions, such as  aqueous and
organic media and ZnO precursor. The obtained results sug-
gest that such approach shows a great potential in  improving
the performance of ZnO/Cu2O heterojunction PVs.
Materials  and  methods
Materials
Zinc chloride (ZnCl2), potassium chloride (KCl), copper (II) sul-
phate pentahydrate (CuSO4·5H2O, 85%), lactic acid (C3H6O3,
85%), sodium hydroxide (NaOH) and dry dimethyl sulfoxide
(DMSO) were purchased from Alfa Aesar. All chemicals were
reagent grade and used as received. Graphene oxide (GO) was
purchased from Sigma Aldrich. Fluorine-doped tin oxide (FTO)
coated glass (15 /sq.) was employed as substrate. Prior to the
depositions, the FTO substrates were cleaned successively in
detergent solution, deionized water and isopropanol in ultra-
sonic bath for 15 min  each. Finally, the  substrates were rinsed
with ethanol and dried under N2 atmosphere.
Fabrication  of  ZnO/Cu2O heterojunction
ZnO and Cu2O films were deposited by a conventional three-
electrode ECD method using a potentiostat (PGSTAT 101
AUTOLAB) and NOVA software. A  conventional three elec-
trode glass cell using a  working electrode (FTO substrate), a
counter-electrode (Pt foil) and a reference electrode (Ag/AgCl
in saturated KCl) were used.
Deposition  of  ZnO  films
A factorial experimental design generating 8  samples was con-
sidered in order to minimize the duration of experiments. The
conditions of the deposition are summarized in Table 1.  Three
parameters were investigated: the medium (parameter A), an
annealing treatment (parameter B)  and absence/presence of
Table 1 – Control variables and corresponding work
levels.
Variable Code Lower level  (−) High level (+)
Medium A H2O DMSO
Heat treatment (HT) B Without With
GO C Without With
GO (parameter C),  generating 8 samples denominated with
the levels of each parameter (ABC). The effect of aqueous
and organic media in the solution on the performance of the
heterojunction was studied by using either H2O or DMSO as
solvent [25–28]. ZnO films were deposited onto the FTO sub-
strate by the ECD method using a solution comprising zinc pre-
cursor 5 ×  10−3 M ZnCl2, supporting electrolyte 0.1 M KCl and
saturated with O2 as oxygen precursor. In the case of organic
medium, a  saline bridge was  employed for contacting the elec-
trolytic cell with the reference electrode. The electrolyte was
maintained at 75 ◦C  using a  thermostatic bath. The pH value of
the prepared solution was 6. The electrochemical deposition
was performed at a  constant potential of −0.8 V for 30 min  [29].
In order to modify the ZnO/Cu2O interface, the ZnO films
were coated with GO  films by dip-coating method. In this
respect, the GO solution (0.1 mg/ml) was  sonicated for 10 min.
The GO  coating was achieved by immersing the substrate in
the GO solution for 3  min, rinsing with distilled water and
drying with air.
For improving the crystallinity of ZnO layer and observe
the effect of reduction in GO coating on the  performance of
the heterojunction, a  thermal treatment (HT) at 350 ◦C for
60 min  was  applied before depositing the Cu2O  layer. Thus,
the non-annealed ZnO-based heterojunction (B at low level)
with/without GO shows the effect of GO and the annealing of
ZnO modified with GO shows the effect of reduced GO (rGO).
Deposition  of Cu2O  films
Cu2O films were prepared by the  ECD method using a solution
consisting of 0.4 M CuSO4, 3  M C3H6O3, and 4 M NaOH. The
ZnO/FTO substrates with and without GO were employed as
the working electrode. The electrodeposition was performed
at 35 ◦C at a  constant potential of −0.6 V for 120 min [30].
Finally, the substrates were rinsed with water and dried with
air.
Fig. 1 – Chronoamperometric curves for deposition of ZnO films (linear scan voltammograms in inset) – (a);  linear scan
voltammograms for  Cu2O deposition onto ZnO films – (b); Chronoamperometric curves for deposition of Cu2O films in
aqueous (c) and organic media (d).
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Characterization
The structural properties of the films were characterized by
X-ray diffraction (XRD) using a Rigaku Ultima IV diffractome-
ter in the Bragg-Bentano configuration using Cu K radiation
(1.54 Å). The diffraction peaks from the ZnO and Cu2O were
indexed with reference to the JCPDS diffraction files. The
morphology was analyzed by using Field Emission Scanning
Electron Microscopy (FESEM) Bruker working at a 2 kV. Focused
Ion Beam (FIB, Bruker) milling was employed to analyze the
cross-section of the heterojunction. The vibrational properties
of the films were characterized by Raman spectroscopy using a
HORIBA Jobin Yvon LabRam HR UV microspectrometer using
a He–Ne (632.8 nm) laser with a  1.6 cm−1 resolution. Finally,
the photoelectrical properties were studied with a  potentiostat
(PGSTAT 302N AUTOLAB) equipped with AM 1.5G illumination
from a calibrated solar simulator with irradiation intensity of
100 mW cm−2. The top coating of conductive carbon cement
(Leit-C) was deposited on the  heterojunctions.
Results  and  discussion
In order to investigate the formation ZnO film, linear scan
voltammetry was  applied for both media (see inset in  Fig. 1a).
It can be observed that the nucleation of ZnO is slightly
slower in the organic medium however, the deposition can
be performed in both cases at a potential value of −0.8 V.
Further, the ECD current transients for deposition of ZnO
were recorded [31,32] as  depicted in Fig. 1a  and, while the
chronoamperometric curves in  Fig. 1a  show similar behaviour
irrespectively of the solvent, the deposition plateau current
in organic medium appears lower than in aqueous medium,
in agreement with the linear scans. The first stage of the ECD
curves corresponds to  the formation of nuclei, followed by
the growth stage where the current density reaches a plateau
value [33]. The nucleation process occurs during the first 200
and 400 s in the  aqueous and organic solvent, respectively.
The aqueous solvent enhances the formation of nuclei as it
can be seen from the corresponding slope. On the other hand,
the more  stable trend of the EDC curve indicates that the
organic medium results in a more  homogeneous growth of
the nuclei, while in aqueous medium the unstable evolution
indicates varying growth of the  formed nanostructures. The
current plateau stabilizes at an  increased value in the aqueous
medium with respect to the organic one (0.42 mA cm−2 vs.
0.17 mA  cm−2) which is  indicative of a  thicker film formation.
Further, the linear scan voltammograms for the deposi-
tion of Cu2O films onto the ZnO  layers previously obtained
in varying conditions were recorded as depicted in Fig. 1b.
While the nucleation varies according to the surface prop-
erties induced in the ZnO layer according to  each condition
(medium, annealing, presence of rGO), a potential value of
−0.6 V can be applied for the deposition of Cu2O  films in  all
cases. The electrode reaction which governs the electrodepo-
sition of Cu2O is [10,34,35]:
2Cu2+ + 2e− → 2Cu+
2Cu+ + 2OH− → 2Cu(OH)



































































































Fig. 2 – Non dimensional plots (I/Imax)2 vs.  (t/tmax) for the
electrodeposition of Cu2O films from aqueous media onto
ZnO (a) and GO-modified ZnO substrate (b) and from
organic media onto GO-modified ZnO without (c) and after
annealing (d).
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Fig. 3 – XRD spectra of a Cu2O/ZnO heterojunction onto FTO substrates.
2Cu(OH) → Cu2O + H2O
Fig. 1c and d depicts the corresponding chronoamperomet-
ric curves for the ECD of Cu2O  films at the surface of the
ZnO substrate obtained in aqueous and organic solvents, as
a function of GO and annealing treatment. As shown in Fig. 1c
and d, the nucleation zone for the ECD of Cu2O films  occurs
before 200 s either using an aqueous or organic solution. In the
absence of the GO coating, the ECD of Cu2O at the surface of
ZnO layer results in a  current density plateau of −1.4 mA cm−2
(−1.7 mA  cm−2) when the ZnO layer is deposited using aque-
ous (organic) solvent. This can be attributed to a lower lattice
mismatch between Cu2O and the ZnO obtained in  organic
medium, which further results in improved Cu2O growth.
On the other hand, the  GO coating at the surface of ZnO
films induces a lower Cu2O growth current density (thinner
Cu2O film) than in its absence due to its insulating proper-
ties, e.g. about −1.23 mA  cm−2 for both ZnO layers grown using
aqueous and organic solvents. Nevertheless, the decrease in
current is indicative of the  efficient coating with GO film. The
annealing treatment of the  GO-modified ZnO layer induced
an enhanced growth of Cu2O film in both solvents. Thus, in
aqueous medium the  annealing of the GO-modified ZnO sub-
strate resulted in lower nucleation duration for Cu2O below
100 s and an increased growth current plateau (−1.5 mA cm−2).
This can be attributed to  improved crystalline structure of ZnO
upon annealing treatment [10] and conductivity properties of
reduced GO due to partial removal of oxygen functional groups
by thermal reduction, as well as to the  residual oxygen func-
tional groups in GO employed as nucleation sites. In the case
of the ZnO layer obtained with organic solvent, the  annealing
results in longer nucleation duration and decreased current
plateau. This could be attributed to the smaller roughness of
the ZnO layer obtained from organic medium, which offers
less nucleation sites for Cu2O formation.
The above-mentioned results are confirmed by the non
dimensional plots (I/Imax)2 vs. (t/tmax) of the chronoampero-
metric curves (see Fig. 2). In order to obtain more  information
on the nucleation and growth of Cu2O  as  a  function of ZnO
properties and GO  addition, the current transients were com-
pared to  the Scharifker and Hills tridimensional theoretical
model [36].  As it can be  observed, at t/tmax < 1, the experi-
mental curve follows the instantaneous 3D model during the
electro-crystallization process followed by a progressive one
for the bare aqueous-based ZnO film. On the other hand, the
GO addition turns the process into a progressive one, which
is attributed to the use of oxygen functional groups in  GO  as
nucleation sites. The same effect of GO is  also observed in
the case of the organic-based ZnO film with and without the
thermal annealing treatment.
The crystalline structure of the electrodeposited ZnO and
Cu2O layers was studied by XRD measurements. Fig. 3 shows
the XRD spectra of the Cu2O/ZnO heterojunction electrode-
posited in different conditions. The obtained spectra appear to
be similar for all the  samples independently of the experimen-
tal conditions. The reflections in the XRD pattern confirmed
the deposition of polycrystalline ZnO thin films with hexago-
nal crystal structure and (101) preferential orientation. Other
peaks such as  (100) were identified as  well (JCPDS 00-036-1451)
[37].  On the  other hand, the Cu2O  layers showed a strong
intensity of the (111) peak, which indicates a preferential ori-
entation in  agreement with other studies on potentiostatic
electrochemical deposition of Cu2O  [10].  Other reflections
were (110), (200) and (211) in  agreement with the PDF file
JCPDS 00-005-0667 [38]. The growth of Cu2O  with (111) pref-
erential orientation on the top of ZnO films with the (101)
orientation indicates a  good crystallographic matching [3].  The
interfacing between Cu2O and ZnO layers is indicated by the
overlapping of a ZnO (101) diffraction peak with a Cu2O (111)
diffraction peak, as seen in inset in Fig. 3. In absence of GO, the
annealing treatment results in  more  intense reflection peaks
of the heterojunction component layers. Upon GO addition,
the annealing results in lower intensity of the  peaks, which
is in  agreement with the electrodeposition results indicating
the deposition of thinner films in the presence of GO. No other
diffraction peaks, except those of the FTO substrate at 26.49◦,
51.52◦ [4], could be observed, indicating the  adequacy of the
268  b  o l e t í  n d  e l  a s  o  c  i  e d  a d e  s  p  a ñ o l a d e c e  r  á m i  c  a y v i  d r  i o 5  8 (2 0 1  9) 263–273
Fig. 4 – Typical morphology of FTO substrate (a), ZnO electrodeposited from aqueous electrolyte (b  and inset), ZnO
electrodeposited from organic electrolyte (c and inset), rGO-modified ZnO layer (d  and inset) and typical morphology of Cu2O
(e).
deposition parameters for the  fabrication of the given hetero-
junction.
The morphology of the  obtained films was  analyzed by
means of FESEM microscopy. Fig. 4a shows the typical mor-
phology of FTO substrate employed for the fabrication of
the heterojunctions, where the textured FTO film presents
homogeneously dispersed large grains and high roughness,
as reported elsewhere [39]. Besides the FTO surface rough-
ness, the type of electrodeposition medium greatly affects the
morphology of the ZnO layers deposited at the surface of FTO
substrate, as depicted in Fig.  4b and c showing representative
ZnO morphologies obtained from aqueous and organic media,
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Fig. 5 – Cross-section of the ZnO/Cu2O heterojunction (a) and higher magnification showing the ZnO layer and ZnO/Cu2O
interface (b).
Table 2 – Thickness of ZnO and Cu2O layers (FIB
measurements).
Sample (ABC) ZnO thickness (nm) Cu2O  thickness (m)
− + − 536 9.9
+ + − 521 10.5
− + + 543 8.9
+ + +  552 9
respectively. There is an obvious shift of the nanostructured
rod-like morphology with large diameter from the aqueous
electrolyte to the thinner coalesced rods from the organic one
[40]. The presence of GO nanosheets is further evidenced from
the exemplificative images in Fig. 4d and inset (arrow), depict-
ing the GO-modified ZnO film upon annealing treatment at
the surface of ZnO layer. The non-continuous GO coating can
be explained by the different behaviour of the internal struc-
ture of ZnO and GO with the applied temperature and by the
partial removal of oxygen groups in  GO  causing increasing
hydrophobicity of the nanosheets. Lastly, the typical cube-like
morphology of the Cu2O layer is  presented in Fig. 4e [30].
Fig. 5 further depicts a  typical cross-section of the
ZnO/Cu2O  heterojunctions and the thickness values of each
layer as a function of synthesis conditions are presented in
Table 2. It can be observed that ZnO  film thickness is only
slightly affected by the deposition medium. The presence
of rGO material at the interface reduces the Cu2O thickness
with about 1 m, which is attributed to the residual oxygen
groups in rGO inducing lower conductivity. A  strong interface
effect can be clearly observed between the ZnO and Cu2O
layer.
Raman spectroscopy was employed to study the defects in
ZnO host lattice grown in the different solutions as  well as the
influence of GO coating and upon annealing treatment. The
Raman patterns of the singular components could be retrieved
in the spectra of the GO-modified ZnO layer, confirming suc-
cessful electrodeposition of ZnO film in  both electrolytes
and the  modification of ZnO layer with GO nanosheets. The
Raman spectra of ZnO grown from aqueous and organic elec-
trolytes are shown in Fig. 6a  and b, respectively. The typical
Raman mode for hexagonal wurtzite-phase ZnO is observed
at 437.9 cm−1, in the layer obtained with aqueous electrolyte,
coated by GO, and after annealing, and corresponds to non-
polar optical phonon E2H [41–43]. It must be noted that upon
annealing and modification with GO coating, this peak is
more clearly seen and also another peak close to 411 cm−1
is observed which could be related to the E1(TO) mode of
ZnO [42],  thus indicating an increase of the crystalline quality
with annealing. The peak shifts towards higher wavenumbers
(445 cm−1)  and decreases in intensity which is indicative of
disorder in the ZnO lattice [44]. The broad band centred at
538 cm−1 could be attributed to the  TO + TA mode of hexagonal
ZnO, but it is more  likely related to the  one-phonon density of
states observed due to defect-assisted Raman scattering [43].
It is  also frequently related to the defects including oxygen
vacancies and interstitial zinc defect states [41] and it was
observed to shift to 550 and 553 cm−1 along with an increase in
intensity upon the annealing treatment and GO modification
A ZnO
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Fig. 6 –  Raman spectra of ZnO layer electrodeposited from aqueous electrolyte (a) and from organic one (b) with and without
annealing and modification with GO. (c) Raman spectra of GO coating before and after annealing.
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Table 3 – Photoelectrical properties of heterojunction
solar cells.
Sample (ABC) Voc (mV) Isc (A)
− − − 56.7 130.9
+ − − 80.8 188.3
− + − 68.0 155.4
+ +  − 57.7 298.0
− − + 49.7 125.6
+ − + 106.7  94.7
− + + 66.7 158.3
+  +  + 121.4 92.0
of the ZnO obtained from aqueous electrolyte. These results
are in strong agreement with other studies reporting increased
defects in ZnO upon hybridization with GO [45,46]. The broad
band at 631 cm−1, attributed to TA + LO or more  specifically
to TA + B1H in [43,47],  appears in  ZnO after annealing treat-
ment and coating with GO. As can be seen in Fig. 6b,  the use
of organic electrolyte resulted in similar Raman features for
ZnO layers, but a  clearly more  intense peak was  observed at
553 cm−1 pointing towards an  increased level of defects in the
ZnO lattice. This means that ZnO quality is worse when using
organic than aqueous solution.
The evolution of structural information in the GO nanoma-
terials with the annealing treatment was retrieved from the
Raman spectrum presented in Fig. 6c. The typical bands in the
GO are present; i.e. the G mode at 1598 cm−1,  corresponding
to the sp2 hybridized carbon, and the D mode at 1320 cm−1,
which is activated by the defects in the carbon network and
can be observed in  the spectra of all modified layers [41]. Upon
annealing, the GO nanosheets are thermally reduced to  rGO by
partial removal of oxygen groups and exhibit a lower intensity
ratio between the  D and G bands which indicates a healing
process for the graphitic domains.
The effect of interface properties induced by electrodepo-
sition medium, annealing treatment and modification with
GO on the photoelectrical features of the  heterojunction PVs
was analyzed and the results are presented in Table 3.  Typ-
ical I–V curves are depicted in Fig. 7.  As  it can be observed,
the annealing treatment resulted in increased Voc for the cells
with ZnO obtained from aqueous medium and were attributed
to the improvement in ZnO conductivity due to a  higher crys-
talline quality. Although in presence of GO the open-circuit
voltage (Voc) slightly decreased, upon annealing it resulted in
































Fig. 7 – Typical I–V curves for the ZnO/Cu2O heterojunction
cells.
to  the improved conductivity properties of rGO with respect to
GO, as some of the  oxygen groups were removed by thermal
treatment. The annealing treatment resulted in similar effect
on the short-circuit current (Isc) trend. The results indicated
the use of both GO and annealing treatment resulted in the
highest photoelectric parameters, which are attributed to the
reduced recombination at the interface.
On the other hand, the  use of organic medium for the  elec-
trodeposition of ZnO layer resulted in  higher Voc values for the
corresponding conditions than the use of aqueous medium.
This result can be explained by the  difference in morphol-
ogy and increased defects in ZnO layer grown with organic
medium, which further affects the ZnO/Cu2O interface prop-
erties.
Finally, the  effect of a  different ZnO precursor, namely,
Zn(NO3)2,  in the  ECD process was studied. Zn(NO3)2 serves
as a  precursor for both Zn2+ and OH− ions required for
the formation of ZnO. XRD measurements (Fig. 8a) showed
that the  structural properties of the  ZnO layer electrode-
posited from nitrate precursor are similar to those from ZnCl2
since the XRD pattern exhibits similar characteristics. On the
other hand, Raman spectroscopy measurements of the ZnO
electrodeposited from nitrate precursor and further modi-
fied with GO coating (Fig. 8b) show similar features as  the
ones in  Fig. 7. However, the FESEM images in Fig. 9 revealed
a  plate-like morphology for the ZnO film electrodeposited
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Fig. 8 – Typical XRD spectra of ZnO/Cu2O  heterojunction (a) and Raman spectra of ZnO layer obtained from Zn(NO3)2
precursor and modified with GO coating (b).
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Fig.  9 – FESEM images of ZnO layer electrodeposited from Zn(NO3)2 precursor in aqueous media.
from the nitrate precursor. The photoelectric measurement
indicated improved properties with respect to the PVs based
on ZnCl2-based non-annealed ZnO and in  absence of GO.
The heterojunction cell based on annealed GO-modified ZnO
layer exhibited slightly lower Voc value of 65.4 mV  with respect
to ZnCl2-based counterpart, but an increased Jsc value of
220.5 A cm−2. The obtained results could be  attributed to the
interface properties due to the ZnO morphology.
Although the effect of GO addition and electrodeposition
technique on the  photoelectrical properties of the ZnO/Cu2O
heterojunction PV is complex, the approach followed in  this
work shows a  synergetic effect of GO-modified interface and
annealing treatment. However, the properties of GO  coatings
such as the thickness, continuity and reduction degree need
to be optimized.
Conclusions
A  study of ZnO/Cu2O heterojunction PVs grown by ECD
is reported. The effect of electrolyte medium, annealing
treatment and interface modification with GO layer on the
photoelectrical properties was analyzed. The electrochemical
results indicated that thinner Cu2O films grow on GO-modified
ZnO films while annealing of GO-modified ZnO improves the
subsequent electrodeposition of Cu2O films. The modification
of ZnO/Cu2O interface with GO nanosheets and application
of annealing treatment results in slightly increased photo-
electrical properties for the heterojunction solar cells, due
to the strong interface properties and the defects in ZnO
lattice which reduce the  recombination at interface. While
the results indicate a  synergy between the GO addition and
annealing treatment for the  electrodeposited heterojunction,
the properties of GO coating need to be tailored for enhanced
performance.
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